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Sensitive and accurate rotation sensing is a critical requirement for applications such as inertial
navigation [1], north-finding [2], geophysical analysis [3], and tests of general relativity [4]. One
effective technique used for rotation sensing is Sagnac interferometry, in which a wave is split,
traverses two paths that enclose an area, and then recombined. The resulting interference signal
depends on the rotation rate of the system and the area enclosed by the paths [5]. Optical Sagnac
interferometers are an important component in present-day navigation systems [6], but suffer from
limited sensitivity and stability. Interferometers using matter waves are intrinsically more sensitive
and have demonstrated superior gyroscope performance [7–9], but the benefits have not been large
enough to offset the substantial increase in apparatus size and complexity that atomic systems
require. It has long been hoped that these problems might be overcome using atoms confined in a
guiding potential or trap, as opposed to atoms falling in free space [10–12]. This allows the atoms
to be supported against gravity, so a long measurement time can be achieved without requiring a
large drop distance. The guiding potential can also be used to control the trajectory of the atoms,
causing them to move in a circular loop that provides the optimum enclosed area for a given linear
size [13]. Here we use such an approach to demonstrate a rotation measurement with Earth-rate
sensitivity.
A small number of trapped-atom Sagnac interferom-
eters have been demonstrated in the past [14–18], but
none have been used to make a quantitative rotation mea-
surement. The largest enclosed areas have been achieved
using a linear interferometer that is translated along a
direction perpendicular to the interferometer axis [19],
but this approach may not be well-suited for inertial
measurements in a moving vehicle. Here, we demon-
strate a true two-dimensional interferometer configura-
tion in which atoms travel in circular trajectories through
a static confining potential. We obtain an effective en-
closed area of 0.50 mm2, compared to areas of 0.20 mm2
reported by Wu et al. [15] and 0.35 mm2 recently ob-
tained by the Los Alamos group [18]. Our approach is
readily scalable to weaker traps and multiple orbits by
the atoms, making larger areas feasible.
Another key advance is the use of dual counter-
propagating interferometer measurements. Here, two
Sagnac interferometers are implemented at the same time
in the same trap, with atoms travelling at opposite ve-
locities over the same paths. This technique was devel-
oped for free space interferometers [8], and allows the
common-mode rejection of interferometric phases from
accelerations, laser noise, background fields, and other
effects that can mask the rotation signal. The Sagnac
effect itself is differential and can be extracted by com-
paring the two individual measurements. This technique
is likely to be essential for any practical rotation-sensing
system, but has not previously been demonstrated in a
trapped-atom system.
Our Sagnac interferometer is implemented using a
Bose–Einstein condensate (BEC) confined in a three-
dimensional trap, with potential energy
V (x, y, z) =
1
2
m
(
ω2xx
2 + ω2yy
2 + ω2zz
2
)
, (1)
where m is the atomic mass and the ωi are the trap fre-
quencies. The coordinates x, y and z represent the prin-
ciple axes of the trap. The trap is approximately cylin-
drically symmetric, with ωx ≈ ωy ≡ ω. The condensate
is produced nominally at rest in the centre of the trap.
The atoms are manipulated using a set of standing
wave Bragg lasers [20–22] propagating along the x and
y directions. The beams couple atomic states with mo-
menta p and p ± 2~k, where k is the wave vector of
the laser. We express this in terms of a velocity kick
vB = 2~k/m.
The interferometer measurement begins by applying
the Bragg beams along y. This generates two wave pack-
ets with velocities v = ±vByˆ. The atoms move in the
trap, following the ordinary trajectory for a harmonic os-
cillator x(t) = 0 and y(t) = ±(vB/ω) sinωt. After a time
t1 = pi/(2ω), the atoms come to rest near the classical
turning point at a radius R = vB/ω. The Bragg beams
traveling along x are then applied to both packets, pro-
viding velocity kicks ±vBxˆ and generating a total of four
packets. Each of these packets now travels in a circle with
radius R, as x(t) = ±R sinωt and y(t) = ±R cosωt. The
atoms propagate for time t2 = 2pi/ω, completing one full
orbit around the trap. The density of the BEC is about
1012 cm−3, low enough that the packets can pass through
each other with negligible interactions.
After the orbit, the pairs of packets are overlapped
again at their locations prior to the x Bragg pulse. The
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FIG. 1: (a) Trajectories of atoms in the interferometer. The
initial condensate (centre) is split into two packets that move
along ±y. When the packets reach their turning points at
y = ±R, they are split along x, generating four packets that
move in circular orbits (green and orange traces). After one
complete orbit the packets are recombined, forming two inde-
pendent interferometers. (b) Experimental data showing the
path of one packet, starting at the red square and moving
clockwise in 5 ms increments. The scales are in mm, and the
area enclosed by the orbit is 0.13 mm2.
wave function of a pair can be expressed as
|ψ〉 = 1√
2
(
eiΦ/2|+vB〉+ e−iΦ/2|−vB〉
)
, (2)
where Φ is the phase developed between the packets and
| ± vB〉 are states with the indicated velocity along x.
The x Bragg beams are now applied again. This cou-
ples the even superposition (|+vB〉+ |−vB〉) back to the
zero-momentum state |0〉, while the odd superposition
(|+vB〉 − |−vB〉) remains unchanged (up to an overall
phase). Projecting the wave function |ψ〉 onto these su-
perpositions, we find that a fraction S = cos2 Φ/2 of the
atoms are brought back to rest [23, 24].
To detect the result of the recombination, the mov-
ing and stationary atoms are allowed to separate, the
trap is turned off, and the entire system is observed us-
ing absorption imaging in the xy-plane. FIG. 1 shows
a schematic of the atomic trajectories and measured po-
sitions of one packet as it traverses the trap. A video
showing the motion of all four packets is available in the
Supplementary Information. FIG. 2(a) shows an absorp-
tion image after the recombination pulse.
Note that this sequence produces two independent in-
terferometer measurements. We define Φ+ as the phase
measured for atoms at y = +R, and Φ− as the phase
measured at y = −R. Each of these individual phases is
sensitive to a variety of effects including magnetic field
variations, mechanical vibration, and laser phase noise.
Most of these effects will be the same for both interferom-
eters, but if the system is rotating with angular velocity
Ω, then the Sagnac phases
ΦS =
1
~
∮
∆L ·Ω dt = 4mΩA
~
(3)
will have the opposite sign. Here ∆L = r2×p2− r1×p1
is the difference in angular momentum between the two
packets, and A = piR2 is the area of a single packet’s
orbit. This leads to a differential phase
∆Φ = Φ+ − Φ− = 2ΦS = 8mΩA~ . (4)
We implement the interferometer using about 104 87Rb
atoms, magnetically trapped in the F = 2,mF = 2
ground state. The apparatus for BEC production and
generating the magnetic trap has been previously de-
scribed [25]. Our time-orbiting potential (TOP) trap [26]
uses a special field configuration that allows precise ex-
perimental control of the trap parameters. The bias field
of the TOP trap rotates as
Bbias = B0
[
(1 + α) sin(Ω1t) cos(Ω2t+ β) xˆ
+ (1− α) sin(Ω1t) sin(Ω2t− β) yˆ + cos(Ω1t) zˆ
]
,
(5)
with Ω1 ≈ 2pi×104 Hz and Ω2 ≈ 2pi×103 Hz. The ampli-
tude asymmetry α and the phase β are nominally zero,
but can be adjusted to optimise the trap. The coordi-
nates (x, y, z) are now determined by the coil geometry,
with z near vertical. The trap also uses an oscillating
quadrupole field,
Bquad =
1
2
B′1 cos(Ω1t)
(
x xˆ + y yˆ − 2z zˆ). (6)
These fields provide a trap potential V (r) = µB〈|B|〉,
where µB is the Bohr magneton and 〈|B|〉 is the time
average of the magnetic field magnitude. Evaluation to
second order in the coordinates gives
V = −1
2
µBB1z +
1
2
mω20
[(
1 +
2α
7
)
x2
+
(
1− 2α
7
)
y2 +
4
7
βxy +
8
7
z2
]
, (7)
with ω0 = (7µBB
′2
1 /64mB0)
1/2. We set B′1 = 2mg/µB ≈
31 G/cm to cancel gravity at the centre of the trap, and
with B0 ≈ 2 G we obtain ω0 ≈ 2pi × 9 Hz.
The actual potential experienced by the atoms varies
from (7) due to environmental fields and other experi-
mental imperfections. If this alters the wave packet tra-
jectories so that they fail to overlap after an orbit, then
the interferometer will be spoiled. A classical trajectory
calculation indicates that the difference in trap frequen-
cies |ωx−ωy|/2pi must be less than 0.1 Hz, and the Bragg
laser beams must be aligned to better than 10 mrad ac-
curacy. We achieve these requirements by observing the
packet trajectories and adjusting α, β, the Bragg beam
angles, and the propagation times t1 and t2 until both
interferometers are closed and interference is observed.
The resulting orbits are nearly circular with a radius
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FIG. 2: (a) An absorption image in the xy-plane taken 12 ms
after the recombination pulse was applied. Atoms that were
brought back to rest now oscillate along y, while the remaining
atoms continue to move along the dashed circle. Here, the
fraction of atoms brought to rest is small, indicating that
both interferometers measure a phase close to pi. (b) The
standard deviation of the two interferometer outputs σ+ and
σ− are plotted as the interferometer time t2 is varied. When
the interference contrast is high, σ is large because of phase
noise from vibrations and other sources. At t2 = 107.7 ms,
both interferometers exhibit good contrast. The output of
each interferometer alone appears random, but the correlation
between the signals reveals the differential phase.
R = 0.20 mm, as shown in FIG. 1. The packets can
also be imaged in the yz-plane, which is used to ensure
overlap in the z direction.
When the Bragg beam and trap parameters are op-
timised, we observe simultaneous interference for both
packet pairs. Each individual interferometer exhibits
phase noise, primarily due to vibrations of the mirror
used to retro-reflect the x Bragg beam. The appearance
of this noise is an indicator that interference is occur-
ring, as shown in FIG. 2(b). The duration of the con-
trast peaks indicates a coherence length of 10 µm, which
agrees with the Thomas–Fermi condensate size for our
trap [27].
Our interferometer output signal is S = N0/N , the
fraction of atoms brought back to rest. When the two sig-
nals S+ and S− are plotted against each other, the data
fall on an ellipse, with the eccentricity and orientation
of the ellipse set by the differential phase [28]. Example
data are shown on the left in FIG. 3. We fit such data
to an ellipse to extract the phase ∆Φ, with an accuracy
of about 0.2 rad after ten runs of the experiment.
The effective Sagnac area of the interferometer is 4A =
0.50 mm2, which implies a phase shift of about 0.1 rad
due to the Earth’s rotation. The observed phase differs
from this, and in fact depends on the trap and alignment
parameters. We attribute this to imperfections in the
trapping potential. The phase acquired by a packet as
it moves through the trap can be calculated as the in-
tegral of the action. The resulting contribution to the
differential phase from the trap is [29]
∆Φtrap =
4mv2B
~
∑
i=x,y,z
γi
ωi
sinωit2 cosωi(t1 + t2), (8)
where γi = (kˆx · rˆi)(kˆy · rˆi) is set by the alignment of
the x and y Bragg beam wave vectors kˆx and kˆy to the
trap principle axes rˆi. The phase can be approximated
to second order in small terms as
∆Φtrap ≈ 4kR
[
pi
7
(4δt1 + 9δt2)ω0β
+
2γz
κ
cos(2piκ) cos
(
5piκ
2
)]
, (9)
where k is the Bragg wave number, R is the orbit radius,
δt1 and δt2 are timing errors in t1 and t2, β is the xy
term in the potential energy as in (7), and κ = ωz/ω0.
We have verified the predicted dependence on the timing
and β, using data as in FIG. 3. Unfortunately, the y
Bragg beam passes through a long, thin vacuum tube on
the way to the atoms, making it difficult to adjust in a
controlled way to test the γz dependence. An improved
apparatus design will eliminate this constraint and also
allow implementation of a spherically symmetric trap,
where κ ≈ 1 and the γz contribution is reduced. However,
anharmonic terms in the potential can also contribute to
the trap phase, and will need to be considered.
In order to test the Sagnac sensitivity of the interfer-
ometer, we rotated the optical table on which the appara-
tus sits. The table floats on air legs that allow a few mm
of horizontal motion. We used a motorised translation
stage to move one end of the table during the interfer-
ometer measurement. With a force of about 10 N, linear
speeds up to 0.7 mm/s could be achieved. The table mo-
tion was initiated prior to the first Bragg pulse of the
interferometer sequence, and it continued at a constant
speed throughout the measurement. Results are shown
in FIG. 3.
Because the rotation measurements were not made us-
ing a dedicated rate table, accurate calibration of the
rotation rate is difficult. Applying the Sagnac formula
to the data in FIG. 3 indicates a rotation calibration
v/Ω of 0.5 m, in reasonable agreement with a mechan-
ical estimate of about 1 m. The one-sigma error bars
on the plot then correspond to a rotation sensitivity of
8 × 10−5 rad/s, comparable to the rotation rate of the
Earth, ΩE = 7.3 × 10−5 rad/s. To avoid systematic er-
rors caused by tilting, we ensured that the table remained
level to about 50 µrad. For our measured tilt sensitiv-
ity, this corresponds to only about 0.03 rad of differential
phase.
In summary, we have demonstrated a trapped-atom
Sagnac sensor with the largest enclosed area to date and,
for the first time, simultaneous counter-rotating inter-
ferometers to obtain common-mode noise rejection. We
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FIG. 3: Left: Points correspond to the two interferometer output signals S+ and S− from a given measurement. Curves
are ellipses fitted to the points. The orientation and eccentricity of the ellipse reveals the differential phase ∆Φ between the
interferometers. Right: Dependence of the differential phase on the experimental rotation velocity of the system v, illustrating
the Sagnac effect. The offset at v = 0 mm/s indicates the trap is not perfectly symmetric. The coloured points correspond to
the matching data on the left.
achieve rotation sensitivity comparable to Earth rate,
and the residual phase dependence on the trap parame-
ters is described by a simple model.
A number of improvements to the interferometer can
be envisioned. The enclosed area can be increased by
reducing the trap frequency. The sensitivity grows as
the square of the orbit radius R, while the alignment
and trap tolerances shrink as only 1/R. The atoms can
also make multiple orbits in the trap, with the sensitiv-
ity increasing as the orbit number. The trap tolerances
then either remain constant or decrease as the inverse of
the orbit number. Using these techniques, we estimate
that it is feasible to reach a sensitivity on the order of
10−7 (rad/s)/
√
Hz, which would be attractive for inertial
navigation applications. It is also feasible to reduce the
size, weight and power of the condensate apparatus to a
value comparable to that of existing navigation systems
[30]. Through such improvements, we hope to develop
this approach into a useful device for rotation sensing
applications.
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